Barrett's oesophagus is the replacement of normal squamous oesophageal epithelium with an intestinalized columnar epithelium. Although some insight has been gained as to what Barrett's oesophagus is, how this columnar epithelium emerges from within a stratified squamous epithelium remains an unanswered question. We have sought to determine whether oesophageal keratinocytes can be trans-differentiated into Barrett's oesophagus cells. Using an Affymetrix microarray, we found unexpectedly that gene-expression patterns in the Barrett's oesophagus were only slightly more similar to the normal small intestine than they were to the normal oesophagus. Thus gene-expression patterns suggest significant molecular similarities remain between Barrett's oesophagus cells and normal squamous oesophageal epithelium, despite their histological resemblance with intestine. We next determined whether directed expression of intestine-specific transcription factors could induce intestinalization of keratinocytes. Retroviral-mediated Cdx2 (Caudal-type homeobox 2) expression in immortalized human oesophageal keratinocytes engineered with human telomerase reverse transcriptase (EPC2-hTERT cells) could be established transiently, but not maintained, and was associated with a reduction in cell proliferation. Co-expression of cyclin D1 rescued proliferation in the Cdx2-expressing cells, but co-expression of dominant-negative p53 did not. Cdx2 expression in the EPC2-hTERT.D1 cells did not induce intestinalization. However, when combined with treatments that induce chromatin remodelling, there was a significant induction of Barrett's oesophagusassociated genes. Studies are ongoing to determine whether other intestinal transcription factors, either alone or in combination, can provoke greater intestinalization of oesophageal keratinocytes. We conclude that, on the basis of gene-expression patterns, Barrett's oesophagus epithelial cells may represent an intermediate between oesophageal keratinocytes and intestinal epithelial cells. Moreover, our findings suggest that it may be possible to induce Barrett's oesophagus epithelial cells from oesophageal keratinocytes by altering the expression of certain critical genes.
Introduction
Barrett's oesophagus occurs at the gastro-oesophageal junction and is the replacement of normal squamous oesophageal epithelium with an intestinalized columnar epithelium. It arises in the setting of chronic acid and bile reflux that results in chronic injury and inflammation in the oesophageal epithelium ( Figure 1 ). Barrett's oesophagus is characterized by the presence of a specialized columnar epithelium with a cellular morphology and gene-expression pattern typical of intestinal epithelium. Intestinal proteins such as villin, sucrase isomaltase, acidic mucins/MUC2, and the intestine-specific Cdx (Caudal-type homeobox) transcription factors Cdx1 and Cdx2, are commonly detected in human Barrett's oesophagus tissues [1] . However, for the pathologist, the key for the diagnosis of Barrett's metaplasia is the presence of intestinal mucin-producing goblet cells [2] .
Unless it is associated with symptomatic GORD (gastrooesophageal reflux disease), Barrett's oesophagus is typically asymptomatic. It is the association with OAC (oesophageal adenocarcinoma) that makes this a clinically significant condition. The progression rate of Barrett's oesophagus to OAC has been estimated to be 0.5-1% per year [3] . Thus only a portion of patients with Barrett's oesophagus will progress Figure 1 Barrett's oesophagus arises in the setting of chronic injury to the oesophagus from gastric and bile acid reflux Barrett's oesophagus is the replacement of normal squamous oesophageal epithelium with an intestinalized columnar epithelium. HNF-1α, hepatic nuclear factor 1α; IL, interleukin; NF-κB, nuclear factor κB; PGE 2 , prostaglandin E 2 ; SOX2, sex-determining region Y box 2; STAT3, signal transducer and activator of transcription 3.
to OAC, complicating the research effort. For this reason, much of the research to date has focused on identifying factors that predict neoplastic progression. Less is known about the molecular mechanisms giving rise to Barrett's oesophagus from normal squamous oesophageal epithelium. One limitation in the study of the genesis and pathobiology of Barrett's oesophagus has been the lack of suitable experimental models. We and others have begun exploring a variety of approaches to model Barrett's oesophagus in the laboratory, and these studies are now yielding important insights into the cell of origin and molecular processes that give rise to Barrett's oesophagus.
Current cell-culture and animal models for Barrett's oesophagus
The primary models used to date have been human Barrett's oesophagus tissue explants and OAC cell lines, with some recent work in primary oesophageal keratinocytes [4] [5] [6] [7] . Recently, the identity of several of these common OAC cell lines has been called into question, complicating interpretations of the reported findings [8] . Barrett's oesophagus cell lines have also been developed [9, 10] . Although primary Barrett's oesophagus cell lines are useful for studies of the progression from Barrett's oesophagus to OAC, they are less helpful for understanding the genesis of Barrett's oesophagus.
Current animal models for bile and peptic acid reflux disease and Barrett's oesophagus exist in rabbits and rats [11] [12] [13] . Two of these models require major animal surgery, with the placement of either an oesophagoduodenostomy or an oesophagojejunostomy in rats [14] [15] [16] . The degree of metaplasia that results after surgery is significant, very reminiscent of the human disease. There are several limitations to this approach, however. It is expensive and very operator-dependent (requiring a great deal of smallanimal surgical skill), both serving to limit its widespread use. Perhaps most importantly, this approach does not take full advantage of the many transgenic reagents available in mice. For these reasons, it is unlikely the surgical anastamosis model in its present form will be widely utilized.
Gene discovery and Barrett's oesophagus pathogenesis
Transcription factors are likely to be very important contributors to the pathogenesis of Barrett's oesophagus (Figure 1 ). These proteins bind DNA to regulate geneexpression patterns and can therefore have profound effects on cell differentiation and morphology. In order to identify genes involved in the transdifferentiation process, we performed an Affymetrix microarray analysis on biopsy samples from Barrett's oesophagus without dysplasia and normal oesophagus (from the same patient), as well as smallintestine biopsies from unrelated donors [17] . A Pearson correlation analysis found that the Barrett's oesophagus mRNA expression patterns were more heterogeneous than either of the two normal samples. Moreover, we observed that the Barrett's oesophagus expression profile was only slightly more similar to normal small intestine than it was to normal oesophagus. One interpretation of this finding is that Barrett's oesophagus may be at an intermediate differentiation state between oesophagus and intestine, more so than is suggested by simple histology. Moreover, it suggests, but does not prove, that the oesophageal keratinocyte is the cell of origin for Barrett's oesophagus.
Gene lists were then generated comparing either the Barrett's oesophagus or small intestine with the normal oesophagus profiles. The Barrett's oesophagus samples had only 743 genes that significantly differed from normal oesophagus, whereas small intestine had nearly 3000 genes. However, 583 of the 743 genes were common to both Barrett's oesophagus and the small intestine, implying that this subset of genes is likely to be important for the Barrett's oesophagus cell phenotype. A number of classic Barrett's oesophagus markers including villin, mucin 2, mucin 5AC and defensin α 5 were detected as altered in our gene lists. Importantly, the intestine-specific transcription factor Cdx1 was induced in our Barrett's oesophagus samples, but the homologue Cdx2 and the classic intestinal enzyme and Barrett's oesophagus marker alkaline phosphatase were not. We subsequently demonstrated Cdx2 protein by immunohistochemistry in biopsy samples from the same patients, suggesting that this failure may be due to the insensitivity of the array for this gene product rather than the absence of Cdx2 from the Barrett's oesophagus samples. Finally, a pathway analysis of the genes identified as significantly altered in Barrett's oesophagus identified several genes involved in the c-Myc pathway, including Myc inhibitors and target genes. Together, they suggested that an increase in c-Myc activity may be important for the pathogenesis of Barrett's oesophagus.
Cdx1, Cdx2 and the intestinal cell phenotype
In the intestine, the Caudal-related factors Cdx1 and Cdx2 play critical roles in intestinal epithelial development and intestine-specific gene expression [18] . These Caudal homologues are very similar structurally and share many overlapping functions. A growing number of genes have been found to rely upon Cdx1 and Cdx2 for their intestine-specific expression [19] [20] [21] [22] . Cdx1 and Cdx2 are also important regulators of intestinal cell to cell adhesion, cell polarity and columnar shape [18, [22] [23] [24] [25] [26] . Several examples of Cdx1-and Cdx2-mediated columnar morphogenesis have been reported [25, 27] . Despite these similarities, only Cdx2 expression is absolutely required for the normal development of the intestinal epithelium; Cdx1 is not [28] .
The Cdx1 and Cdx2 expression is normally limited to the small intestine and colon in adults. However, multiple studies confirm ectopic Cdx1 and Cdx2 expression in intestinal metaplasias of the stomach [29] [30] [31] and Barrett's oesophagus [30, 32, 33] . In fact, CDX2 mRNA expression can be detected in gastric and oesophageal epithelium that is chronically inflamed, preceding the appearance of identifiable intestinal metaplasia [33, 34] , suggesting that induction of CDX2 expression may be among the earliest events in the development of intestinal metaplasia. A causal link between Cdx1 and Cdx2 expression and gastric intestinal metaplasia has been established by transgenic expression of Cdx1 or Cdx2 in murine gastric mucosa [35, 36] . Gastric intestinal metaplasia was induced by the ectopic expression of these Caudal homologues and was marked by the induction of intestinal type goblet cells, and intestinal gene-expression patterns. Thus, given its potential as a master regulator of the intestinal phenotype, the induction and maintenance of ectopic Cdx1 and Cdx2 expression is likely to be a critical event in the development of Barrett's oesophagus.
Modelling Barrett's oesophagus using forward genetics
Forward genetics approaches have been extraordinarily helpful in advancing our understanding in a number of disease processes. Fundamentally, it involves the expression of a gene or combination of genes in order to elicit a disease phenotype. This approach was applied by Robert Weinberg's group as they defined the gene changes needed to transform normal cells into neoplastic ones [37] . To our knowledge, a forward genetics approach has not been widely applied to the problem of Barrett's oesophagus.
In one of the first published reports to adopt this approach, Cdx2 expression was induced in immortalized human oesophageal keratinocytes (HET1A cells). Cdx2 expression was associated with increased cell proliferation and an intestinal pattern of gene expression [38] . One important limitation of this study was that HET1A cells are immortalized by ectopic expression of the SV40 (simian virus 40) T-antigen, a viral oncoprotein which inactivates p53 and pRb (retinoblastoma protein), among other targets [39] . Inactivating p53 mutations are acquired late in Barrett's oesophagus [40] . Also, normal pRb function is critical for the antiproliferative effect of Cdx1 and possibly Cdx2 as well [41] . Thus the sequence of events leading to intestinalization may be significantly disordered when using HET1A cells as a cell culture model for Barrett's oesophagus.
We have subsequently reported on our studies using an immortalized, but not transformed, human oesophageal keratinocyte cell line called EPC2-hTERT [42, 43] . These cells are immortalized by the ectopic expression of human telomerase. We used a retrovirus containing a Cdx2 cDNA and GFP (green fluorescent protein) reporter to infect the EPC2-hTERT cells in order to establish stable ectopic Cdx2 expression. In fact, we found it difficult to establish stable Cdx2 levels. Although we could immediately detect reporter GFP expression from the retrovirus infection, after 7-10 days in culture, a noticeable decline in GFP expression occurred only in those cells in which Cdx2 was co-expressed [44] . We demonstrated that Cdx2 expression significantly reduced EPC2-hTERT cell proliferation, which could only be rescued by increased cyclin D1 expression, but not a dominant-active p53 mutant. This was consistent with our work in colon cancer cells, where Cdx1 and Cdx2 have similar antiproliferative effects [18, 24, 45] . Together, these observations suggested that Cdx2 expression cannot be the first event in the transdifferentiation of oesophageal keratinocytes into Barrett's oesophagus epithelial cells. Some factor or factors driving cyclin D expression and cell proliferation would need to precede Cdx2 in order to sustain this cell population.
After establishing Cdx2 expression in our EPC2-hTERT.D1 cells, we evaluated the cells for evidence of intestinalization. We observed no significant changes in the morphology of EPC2-hTERT.D1.Cdx2 cells when compared with controls. We next explored for changes in geneexpression patterns by quantitative real-time PCR. We assayed a panel of genes associated with Barrett's oesophagus or Cdx2 expression in the intestine. In only one gene, CA1 (carbonic anhydrase 1) did we observe a robust 7-fold increase in mRNA levels that was associated with Cdx2 expression. It suggests that Cdx2 expression alone is insufficient to induce intestinal transdifferentiation of normal oesophageal keratinocytes.
We then considered the possibility that epigenetic processes might be required for the intestinal transdifferentiation by Cdx2. Our EPC2-hTERT.D1.Cdx2 and control EPC2-hTERT.D1.MIGR1 cells were treated with 5-AzaC (5-aza-2-deoxycytidine), a DNA methyltransferase inhibitor. The 5-AzaC treatment enhanced the expression of several intestine-associated genes that were previously unexpressed [DRA (down-regulated in adenoma)/SLC26A3 (solute carrier family 26, member A3), LPH (lactase phlorizin hydrolase), KRT20 (keratin 20) and CEACAM6 (carcinoembryonic antigen-related cell adhesion molecule 6)] or poorly expressed [NHE2 (Na + -H + exchanger 2)/SLC9A2 (solute carrier family 9 member A2) and VIL1 (villin 1)]. Some genes normally expressed in Barrett's oesophagus were not induced by the 5-AzaC treatment [ALPI (alkaline phosphatase, intestinal), SI (sucrase isomaltase) and MUC2 (mucin 2)]. In other genes, there was clear evidence of a synergistic interaction between Cdx2 and 5-AzaC. mRNA levels for CA1, which were increased 7-fold with Cdx2 expression alone, and only 2-fold when treated with 5-AzaC, increased by 35-fold when both treatments were applied. Most interesting of all, four genes responded only to the combination of Cdx2 expression and 5-AzaC treatment [RETNLB (resistin-like β), NHE2, KRT20, DRA/SLC26A3]. One of these genes, KRT20, is utilized as a marker for Barrett's oesophagus. Its induction is therefore of great importance. Two others (NHE2 and DRA/SLC26A3) are highly expressed in intestinal epithelium, but were not previously known to be found in Barrett's oesophagus. We subsequently demonstrated that these two genes are frequently ectopically expressed in human Barrett's oesophagus. Taken together, these findings suggest that the intestinalization induced in EPC2-hTERT.D1-Cdx2 cells treated with 5-AzaC may mimic Barrett's oesophagus transdifferentiation, as two novel Barrett's oesophagusassociated markers were identified using this approach.
There was one important limitation to this approach. After 5-AzaC treatment, EPC22.hTERT.D1-Cdx2 and MIGR1 control cells exhibit altered cell morphology marked by increased cell volume and subconfluent growth arrest in the normal growth medium. These features are suggestive of cell senescence, which we confirmed by demonstrating induction of SA-β-gal (senescence-associated β-galactosidase) as well as the expression of p21
Waf1/Cip1 and p16 INK4a after 5-AzaC treatment. The induction of cell senescence by 5-AzaC is a challenge for future studies using this reagent, but it does raise the possibility that senescence must be inactivated before the onset of the epigenetic changes required for Barrett's oesophagus.
In a final series of experiments, on the basis of our findings from the microarray analysis, we used c-Myc and Cdx1 co-expression to model Barrett's oesophagus in a novel three-dimensional culture system. EPC2-hTERT cells were engineered by retroviral infection to co-express cMyc and Cdx1. c-Myc expression, like cyclin D1, appeared to be able to sustain EPC2-hTERT cell proliferation despite Cdx1 expression. Importantly, when these cells were placed in a three-dimensional organotypic culture system used previously to mimic the microenvironment of the oesophagus, a more significant intestinalization was observed [17] . A subpopulation of Alcian Blue-staining cells can be detected, and mucin 5AC expression was confirmed by immunohistochemistry. We conclude that the cellular microenvironment may provide additional cues to foster greater intestinalization when modelling Barrett's oesophagus in vitro.
Summary and future directions
These initial studies using a forward genetics approach to model Barrett's oesophagus have been highly informative despite their inability to induce fully intestinalized cells from an oesophageal keratinocyte precursor (Figure 2 ). We will need to build on these findings in future experiments. The literature from several intersecting fields may yield new insights and methodologies to better model Barrett's oesophagus in vitro. Elucidation of the mechanisms governing intestinal epithelial differentiation and cell-fate selection will be helpful. For instance, it has been determined that Wnt signalling in the intestine is essential for secretory cell fates [46] . Moreover, Wnt signalling during development can induce intestinal gene expression and morphology in lung endoderm, including the development of intestinal mucinsecreting goblet cells [47] .
Other signalling pathways and transcription factors may also be implicated. The mATH1 (mouse atonal homologue 1)/hATH1 (human atonal homologue 1) transcription factor is required for the secretory cell lineage in the intestine, as loss of mATH1 leads to depletion of enteroendocrine, goblet and Paneth cells [48] . Notch, another developmentally critical signalling pathway, also regulates differentiation along cell lineages in the gut [49] . Notch signalling inhibits the selection of the secretory cell fate, in part through actions upon mATH1 expression [50] . The contribution of these signalling pathways, as well as others such as BMP4 (bone morphogenetic protein 4), has not yet been well studied in Barrett's oesophagus. However, given their role in intestinal development, it is likely that they perform a similar function in Barrett's oesophagus where the induction of the secretory cell fate, mucin-producing goblet cells, is observed.
In summary, the use of forward genetics approaches represents a powerful novel strategy to study and understand the pathophysiology of Barrett's oesophagus. Its application has already yielded new insights, including the timing of certain events, the role of pro-proliferation signals early in this process and the requirement for chromatin remodelling and epigenetic changes such that Cdx1 and Cdx2 can access their critical target genes (Figure 2 ). In the future, more complicated combinations of genes will be required, and the incorporation of three-dimensional culture techniques will also be needed to promote greater adoption of the intestinal phenotype and cell morphology by keratinocytes. 
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